Mutation in HIV-1 is extremely rapid, a consequence of a low-fidelity viral reverse transcription process. The envelope gene has been shown to accumulate substitutions at a rate of approximately 1% per year and can frequently spend a long time in the host (approximately 10 years). The relative synonymous codon usage (RSCU) in HIV-1 is known to be different from that of the human host. However, by reengineering the protein coding sequences of HIV-1 to reflect the RSCU patterns observed in humans, a large increase in protein expression is observed. It is reasonable to suggest that within a host there may be a selective drive for change in the RSCU of HIV-1 towards human RSCU.
Introduction

Hypervariability of HIV-1
Human Immunodeficiency Virus type 1 (HIV-1) is a member of the lentivirus subfamily of retroviruses. These viruses are characterised by a post-infection asymptomatic period that can exceed 10 years. In the case of HIV, infection typically leads to Acquired Immune Deficiency Syndrome (AIDS). Envelope glycoproteins mediate important aspects of host-virus relationships and lentivirus pathogenesis (Dettin et al. 2003; Si et al. 2003) . Amino acid sequences from envelope glycoproteins between different HIV-1 variants consist of a succession of variable and conserved regions. In some cases, as many as 30% of the amino acids may differ among variants (Gaschen et al. 2002) . It is fairly clear that the error prone nature of the viral reverse transcriptase provides the biochemical basis to this variation (Zhang et al. 1997) . Furthermore there is evidence that suggests HIV-1 is subject to a positive selection pressure imposed by the immune system (Williamson et al. 2003; Ross & Rodrigo 2002) . Thus, by diversifying, the virus is able to escape detection.
Early versus late HIV-1 sequences
According to current literature, infection of a host is believed to be initiated by a single virion or by a small homogeneous population of virions (Learn et al. 2002) . HIV-1 population kinetics studies have estimated that as many as 10 10 new virions are produced daily within an infected individual (Perelson et al. 1996) . Post-infection mutation has been estimated at approximately 1% per year at a relatively consistent linear rate (Shankarappa et al. 1999) . The rapid mutation of HIV-1 leads to an accumulation of diversity, as much as 10% within an individual (Delwart et al. 1994; Shankarappa et al. 1999 ). This rapid mutation rate has grabbed the attention of evolutionary biologists, as it is possible within measurable time to follow the process of molecular evolution of the viral population. Such populations are termed measurably evolving populations or MEPs (Drummond et al. 2003) , and to attain full value from them, we take multiple samples at regular intervals. By doing this we capture a sample of the changing diversity within the host population of viruses. We can visualise this accumulation of diversity of HIV-1 within a host using phylogenetic analysis. In Figure 1 for instance, we can clearly see a clustering of HIV-1 sequences from early time points near the base and the positioning of sequences from later time points towards the "canopy". This illustrates that as infection progresses, the viral population diverges further from the founder sequence.
Figure 1: A Neighbour-Joining tree of partial envelope sequences from Patient 1, rooted with one of the early timepoints. Early timepoints are labelled with filled ovals and late timepoints are labelled with unfilled rectangles. We observe that the early timepoints cluster at the base, while late timepoints fan out towards the "canopy".
The RSCUs in humans and HIV are different from one another
There is a large element of redundancy within the genetic code. A direct result of the redundancy is the observation that codons that code for the same amino acid (synonymous codons) are very rarely used with equal frequency (Grantham et al. 1980) . The patterns of codon usage varies among species, and also among genes from within the genome of a single species (Ikemura 1985 , Sharp et al. 1988 , 1995 . Relative Synonymous Codon Usage (RSCU) measures the relative frequency that each codon is used to encode a particular amino acid. Through multivariate analyses on budding yeast Saccharomyces cerevisiae, it has been shown that the single major trend in its RSCU is its correlation to expression level (Sharp & Crowe 1991) . Genes with similar expression levels all have similar codon biases. While there are a number of factors that contribute to translational efficiency, one would expect a virus that does not encode its own tRNAs (e.g. HIV) to share similar codon usage preferences with its host since they utilise the same set of tRNAs (i.e. host tRNAs). However, the RSCUs from HIV-1 are known to be quite different from that of the human (Grantham & Perrin 1986; Kypr & Mrazek 1987) . Given,
(1) that there are difference in RSCUs between HIV-1 and its human host, (2) that it is possible to obtain a several-fold increase in viral protein expression when HIV-1 sequences are reengineered to reflect human codon usage and, (3) that rapid viral mutation generates significant viral mutation on which selection can act, it is reasonable to hypothesise that within the relatively long infection, selection will favour a measurable shift in HIV-1 RSCU towards human RSCU. In this study we test this hypothesis.
Material and Methods
Sequence data
The eight patients in the study were all homosexual men infected with HIV-1 enrolled prospectively in the Multicentre AIDS Cohort Study (MACS). The sequencing methods and evolutionary genetics of the sample have been described by Shankarappa et al. (1999) and Ross and Rodrigo (2002) . Serial-sampled sequences were obtained at approximately 8 month intervals with approximately 10 sequences at each timepoint. Samples were taken post-seroconversion (the point at which antibodies against HIV-1 are detectable) until death, the onset of AIDS or the conclusion of the study. To differentiate between early and late sequences, we define the mid-point as half the duration of the study, for that patient. All sequences are from the C2-V5 region of the env gene coding for the Gp120 coat protein, and were extracted from the blood plasma of the 8 patients. The total information from each of the 8 patients is summarised in Table 2 .
Phylogenetics
Phylogenetic trees were constructed using the NeighbourJoining method as implemented in PAUP* (Swofford 1996) using the default settings with the exception of DNA/RNA distances which were set to General timereversible. Tree files were rooted by using an early timepoint as the outgroup and displayed using Treeview (Page 1996) . 
RSCU extraction
We ran the sequence data through a Perl script to extract the RSCU values for every amino acid. Not all of the 64 possibilities are necessary in the context of the analysis. Stop codons are eliminated from analysis as well as ATG (coding for methionine) and TGG (coding for tryptophan). Methionine and tryptophan are only associated with a single codon, and thus do not exhibit any codon bias.
Statistical Analysis
All statistical analyses were performed using JMP v3.2.2. 
Results
Exploring the data
We used Principle Components Analysis (PCA) to explore the patterns of variation in the RSCU values of every sequence. PCA generates a linear combination of the descriptor variables (RSCU values) that best summarise the variation in the data. We used the first three principle components as axes and plotted the values associated with each sequence in three dimensions. Each point in three dimensions represents the variation of a particular viral sequence. The first three principle components described approximately 30% of the variation in each patient. The sequences were divided into early or late, depending on whether they were sampled before or after the mid-point of the study. Figure 2 shows the results of the PCA for patient 3, with the early and late sequences clearly distinct from one another. This pattern of variation was observed in all eight patients. Furthermore, when the human RSCU (diamond) is added to assess the direction of the selective drive, it appears that the late RSCUs correlate more closely to the human RSCUs than do early RSCUs.
Can we quantify this trend?
To address the apparent increase in correlation of RSCUs from early to late towards the human, we constructed pooled groupwise RSCU tables for early and late sequences. For each patient, and for both early and late grouped RSCU values, we performed a Pearson correlation with the human RSCU to give two correlation coefficients. These results, displayed in 
Is this correlation a statistical or biological phenomenon?
We are concerned that the trend we observed may be a statistical artifact. To examine in more detail the origin of the apparent change in correlation coefficient over time, we took a closer look at the formula for the correlation coefficient. For two variables, x and y, (HIV-1 RSCUs and human RSCUs respectively), r, the correlation coefficient, is proportional to the covariance of x and y (S xy ), and inversely proportional to the individual standard deviations of x and y (S x and S y ).
If the data support our hypothesis of a directional change in the RSCU the increase in correlation coefficient from early to late must be due to the covariance, because this is a measure of association. We tested for equality of covariances with an F test (df 7) and obtained a p-value 0.398. This does not allow us to reject the null hypothesis of equal covariances indicating that the increase in correlation coefficient must be due to other factors. Table 4 : In each of the rows, the standard deviation of the viral RSCUs decreased except in patient 6.
If there is no significant difference between the covariances, but there is a significant difference in the correlation coefficients, that significant difference must be due to S x , as S y is constant for both correlations. A decrease in S x for the viral RSCU would increase the correlation coefficient. However, a decrease in S x would also imply that the codons in the viral RSCU are being used more evenly (i.e. the codon usage is becoming more homogeneous). On inspection of standard deviations, we observe that 7 out of the 8 patients showed a decrease (Table 4) . Furthermore, the null hypothesis that the standard deviations were equal can be rejected under a ttest with a p-value of 0.038. Using arginine as an example, we can see how the extreme bias observed in early sequences is homogenised with time to give us RSCU values with a lower standard deviation (Table 5 ). The RSCU values of each codon within the amino acid arginine show how, with time, we see a change in the RSCUs. Two codons that were never used before are now being used (CGT and CGC) and small increases in the RSCU values for a further 3 codons (CGA, CGG and AGG)) are observed. The final codon (AGA) showed a decrease from its extremely high relative value of 0.89 to 0.78. This shows an overall narrowing of the distribution of values that covers the RSCU for arginine as illustrated in the row of standard deviations. If we consider that random mutation acts on the viral RNA sequence, we would expect by chance alone that these sequences would accumulate synonymous mutation. This leads to a decrease in the bias. This homogenisation of the codon usage seems now to be the best explanation of the observed data.
Discussion
Our results show that there is a change in RSCU between early and late sequences and in most cases in the direction of the human RSCU. Codon usage in HIV-1 is quite different from that of human genes (Grantham & Perrin 1986; Kypr & Mrazek 1987) and three rules have been suggested to explain the patterns observed in HIV-1 (Haas et al. 1996) . First, preferred codons maximize the number of A residues in the viral RNA. Second, T is preferred over C whenever there is degeneracy of pyrimidines at the third residue. Third, the dinucleotide CG is highly under-represented. It is a characteristic of lentiviruses, but not of all retroviruses to have a striking under-representation of CpG duplets. CpG duplets have been implicated in methylation (Eden & Cedar 1994) . It has been suggested that the low levels of CpG may be a mechanism of avoiding silencing through methylation, but it would seem that this is at the cost of lowering the translational efficiency. Together, these ideas seem plausible and may account for the long period of asymptomatic infection observed not only in HIV-1 but in all lentiviruses.
Arginine best serves to illustrate the RSCU patterns observed in HIV-1. We see that the most highly expressed codon for arginine in the early sequences is AGA (89%) while codons containing the dinucleotide CG are largely unused. This illustrates rules one and three as this is the only codon with two A residues and also does not contain CG. In the human sequences we observe a relatively even spread of the codon usage for arginine. While the late sequences have a codon usage bias that adheres to the rules set out by Haas et al. (1996) , we also note that in each of the codons, the codon usage bias is less severe than for the early sequences. We have two possible explanations for our observations.
The first explanation is that the RSCU of HIV-1 has become more like that of the human RSCU through a selective drive to increase translational efficiency later in infection, but that we have simply failed to detect it. In favour of this idea is the observed increase in expression noted by Haas et al. (1996) when the codons of HIV-1 were reengineered to resemble those of the human. In addition it has also been suggested that codon bias may allow the expression of viral proteins such as the env gene to be suppressed in order to minimise the antigenic profile. This may be a necessary step in the lentiviral disease progression. Perhaps, if the virus is too antigenic before there is sufficient variation amongst the viral population, the immune system would be able to control the disease. By extension, we might say that the necessity of maintaining a low antigenic profile may eventually cease to exist and thus lead to highly pathogenic viral forms completely overwhelming the immune system.
The second explanation is that the observed change in RSCU from early to late sequences is merely a result of mutation pressure on the viral sequence. We observe this through the close analysis of the correlation coefficient. This informs us that while there is a suggestion of directional change, the lowering of the standard deviation of the RSCUs is the cause of the observed increase in correlation coefficient. Thus it appears that the best explanation of our observation of directional change is most likely a statistical artefact caused by the homogenisation of the RSCU.
